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 In this paper we study the dynamics of thermally modulated intramolecular spin exchange interaction of a novel diradical nitronyl nitroxide-substituted 
disulfide in solution and when it is grafted on gold surface. The structure of this diradical was designed to have flexible chains to lead intramolecular 
collisions and hence spin exchange interaction, and with an appropriate binding group to be grafted on gold surface to study its behavior on surface. In 
solution, this diradical shows a strong spin exchange interaction between both radicals which is modulated by temperature, but also gold nanoparticles (Au 
NPs) functionalized with this diradical permit to investigate such a phenomenon in surface-grafted radicals. The spin-labelled AuNPs synthesis were 
optimized to obtain high coverage of spin labels to lead high spin exchange interaction. The obtained AuNPs were studied by Electron Paramagnetic 
Resonance (EPR), UV-Vis, and IR spectroscopies, HR-TEM microscopy, Cyclic Voltammetry (CV), Energy Dispersive X-ray analysis (EDX) and 
Thermogravimetric Analysis (TGA). This inorganic-organic hybrid material also showed dipolar interactions between its radicals which were confirmed by the 
appearance in EPR spectra of an |∆ms| = 2 transition at half-field. This signal gives direct evidence of the presence of a high-spin state and permitted to study 
the nature of the magnetic coupling between the spins which was found to be antiferromagnetic.  
Self-Assembled Monolayers (SAMs) of these radicals on Au (111) substrate were also prepared and studied by contact angle, X-Ray Photoelectron 
Spectroscopy (XPS), time-of-flight secondary ion mass spectroscopy (ToF-SIMS), cyclic voltammetry (CV) and EPR. The magnetic as well as the 
electrochemical properties of the hybrid surfaces were studied and compared with the properties of this diradical in solution. Analogies between the 
properties of AuNPs with high coverage of radicals and those of SAM were observed.  
Introduction 
The interactions between unpaired electrons in organic diradicals are essential in many areas such as molecular charge transfer,1 
organic magnetism,2,3,4 and spin labeling in biology.5 When unpaired electrons are in close proximity, the dominant interaction is 
likely to be spin-spin exchange coupling, which is the basis for bulk magnetic phenomena. In flexible diradicals spin exchange 
coupling is mainly mediated by intramolecular collisions. However, rigid di- or polyradical scaffolds, which are too constrained to 
allow intramolecular collisions, can show spin exchange coupling by through-bond and/or through-space mechanisms.6 
There are some studies on intramolecular spin exchange in di- and polynitroxides,7,8 as well as a few with nitronyl nitroxide 
diradicals.9 Most of them are focused on their magnetic properties, and, to the best of our knowledge, there is only one work 
about intramolecular spin exchange dynamics with nitronyl nitroxides in solution.10 However, there is no detailed a quantitative 
study neither of the dynamics nor of the thermodynamics of such a process.  
Here, we provide quantitative information of the dynamics and thermodynamics of a thermally activated intramolecular spin 
exchange interaction process mediated by intramolecular collisions of a novel nitronyl nitroxide diradical in solution and when it 
is grafted on surfaces of gold like in gold nanoparticles (AuNPs) and Au(111) flat surfaces. Dynamics of intramolecular spin 
exchange interaction is of significant importance for developing functional hybrid surfaces based on gold nanoparticles since 
they have high stability, are relatively easy to prepare and functionalize11 and hence are promising building blocks for designing 
new materials.12 In addition, the unique and size-dependent optical, electronic, and catalytic properties of nanoparticles make 
them interesting solid supports to investigate organic free radicals immobilized on their surfaces; and they have many potential 
applications in nanomedicine,12,13 as biosensors,13 in cancer therapy,14 catalysis,15,16 optoelectronics,17 spintronics,18 etc.  
Gold nanoparticles functionalized with organic radicals were first reported in 2002, using a stable diradical TEMPO-substituted 
disulfide19 and there are only a few reports on spin-labeled gold nanoparticles in the literature,15,20 most of them based on 
TEMPO radicals. Recently, we have presented a method that permits to obtain in a one-pot reaction monodispersed Au 
nanoparticles with controlled size and high coverage of TEMPO radicals, showing interesting magnetic properties.36 However, a 
study of the dynamics of spin exchange interaction between surface-anchored radicals with temperature is, to the best of our 
knowledge, lacking. Chechik et al.19 monitored by EPR the dynamics of the anchoring of different nitroxide spin probes with 
disulfide groups on AuNP surfaces by ligand exchange reaction. Maggini et al.21 suggested a rapid EPR method to assess the 
dynamics, in terms of rigid/mobile fraction of an alkyl nitroxide grafted onto a porous silicon substrate, as a function of 
temperature. Gatteschi et al.22 made an EPR temperature study of a SAM of a nitronyl nitroxide derivative deposited on gold 
which did not show spin exchange interaction but only the typical broadening of the lines at lower temperature due to the 
freezing of the radical motion. In addition to this, it is worth mentioning that there is reported only one work about AuNPs 
coated with nitronyl nitroxides.23 On the other hand, only very few studies of nitronyl nitroxide radicals on Au(111) or other 
surfaces are reported.22,24,25,26  
Here, we report the synthesis, characterization, and an intramolecular spin exchange dynamics study of a novel nitronyl nitroxide 
based diradical in solution and anchored on gold surfaces like AuNPs and Au(111) surfaces. To develop such a study, the 
structure of our target molecule was designed to have flexible chains to lead intramolecular collisions and hence spin exchange 
interactions, and with an appropriate disulfide binding group to be grafted on gold surfaces. In addition, quite long alkyl chains 
with 9 chemical bonds were employed to enhance the packing order of the molecules in the resulting self-assembled 
monolayers, and, finally, the ligand to stabilize the AuNPs were chosen with a similar number of chemical bonds in order to 
improve this packing,27 since several studies show that the greater the difference in chain lengths, the more favoured the phase 
segregation over the surface.28,29  
Results and Discussion 
Synthesis  
The nitronyl nitroxide derivative 1 was synthesized according to Ullman’s procedure30 as reported elsewhere with some 
modifications. This alcohol was condensed with 3,3’-dithiodipropionic acid by using DCC and DMAP31 to afford diradical 2 (66% 
yield).  
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Scheme 1. Synthesis of nitronyl nitroxide disulfide 2. Reagents: (i) DCC, DMAP, CH2Cl2.  
There are three main strategies reported to achieve NP functionalization: i) physisorption,32 ii) inclusion of hydrophobic radicals 
into water-soluble monolayer protected gold clusters,33,34 and iii) chemisorption based on the same sulfur-gold chemistry 
employed for flat surfaces. Chemically grafting molecules to surfaces is the most robust way to preserve hybrid organic-inorganic 
materials, which is superior to that of the assemblies obtained by physisorption. We have followed the latter strategy to graft 
diradical 2 to gold nanoparticles, following a ligand exchange reaction typically between the stabilizing ligands of the 
functionalized AuNPs and free ligands in solution.35,36,37  
Spin exchange in solutions of diradical 2  
The EPR spectrum of monoradical 1 (Fig. S1) shows five lines of relative intensities 1:2:3:2:1 due to the coupling of the unpaired 
electron with the two equivalent 14N atom which is invariant with the change of the temperature. In contrast, the EPR spectrum 
of diradical 2 shows nine lines (Fig. 1), indicating that there is a strong spin exchange interaction with |J|>>|a(2N)| between both 
nitronyl nitroxides units. The number of lines is invariant with the concentration (Fig. S2), however the spectrum changes upon 
cooling from 360 to 220 K along with a clear linewidth alternation. This result clearly shows that the intramolecular exchange 
interaction is modulated by the temperature. 
 
 
Fig. 1. EPR study of diradical 2 in toluene from 360 to 220 K.  
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In fact, in flexible diradicals like 2, magnetic exchange interactions |J| may be not constant in solution because the radical units 
could be in movement under such conditions and critically depends on the frequency of collisions of the spin-bearing functional 
groups.38 Consequently, the EPR spectra should be dependent on the conformation and mobility of the two branches and 
therefore the shape of the spectra should be dependent on the temperature, viscosity and the nature of the solvent. In the case 
of a flexible N-containing diradical, with only a through-space spin exchange mechanism between the two N-radicals, we may 
have two limiting cases: a) When the two radicals are too far and the magnitude of J is smaller than the hyperfine coupling 
constant with the 2 equivalent N nuclei, a(2N), i.e. |J| << |a(2N)|, (“far” conformation), the spectrum should be similar to that of 
two independent monoradicals exhibiting five lines separated by the hyperfine coupling constant a(2N) with relative intensities 
1:2:3:2:1; b) When the two radicals are closer and thereby |J| >> |a(2N)| (“close” conformation), the spectrum should consist in 
nine lines with a separation of a(2N)/2 and relative intensities of 1:4:10:16:19:16:10:4:1.  
Commonly, the EPR dynamic behaviour of most long-chain nitroxide dirradicals in liquid solutions with low viscosity has been so 
far described in terms of a three-conformation model (or the cage model), firstly proposed by Luckhurst39 and latter on further 
developed by Parmon et al.40 This model is necessary to explain the deviation of the relative intensities in the hyperfine pattern 
when the widths of all lines become equal. However, the spectra of diradical 2 in toluene are simpler and can be explained by 
the co-existence of just two conformations: one with |J| >> |a(2N)|, and another one with |J| << |a(2N)|, with different rates of 
interconversion between them. This is the minimum number of effective conformations that is sufficient to reproduce the 
lineshape, corresponding to the two limiting cases described above. At 360 K (Fig. 1) the rate of interconversion is fast and hence 
the frequency of radical collisions is high. Under these conditions, the electron-spin exchange interaction is rapidly modulated 
and the alternating linewidth effect is less pronounced as we are close to the fast exchange limit (|J| >> |a(2N)|). As the 
temperature is gradually lowered from 360 to 220 K, the alternate (2nd, 4th, 6th and 8th) lines broaden and disappear. At low 
temperatures, molecular motions slow down and hence the rate of interconversion between effective conformations becomes 
slow. At 220 K the frequency of collisions is very low and the spectrum is not affected by spin exchange interactions (slow 
exchange limit, |J| << |a(2N)|) showing only five lines with 1:2:3:2:1 relative intensities.  
First-order rate constants for the thermally activated process were extracted by fitting the experimental EPR spectra at each 
temperature using a two-conformation model from the Quantum Chemistry Program Exchange package41,42 (Fig. 1). These rate 
constants were fitted to a linear Arrhenius plot, over the 220–360 K temperature range (see Fig. S3), giving the activation 
parameters: Eact= 2.6 kcal.mol
-1; logA = 10.68 (∆G300K = 5.5 kcal.mol
-1; ∆H = 2.05 kcal.mol-1; ∆S = -11.5 cal.K-1.mol-1). The value of 
∆H is positive, which means that the transition from the “far” to the “close” conformation is endothermic and hence, the 
conformation in which radicals do not interact (“far” conformation ) is consequently the most stable one. 
In frozen conditions the spectrum obtained (Fig. 2) shows the typical EPR pattern of a monoradical phenyl nitronyl nitroxide in 
such conditions.43 Thus, no appreciable dipolar interactions are detected in this diradical. Besides, no |∆ms| = 2 transition at half-
field was observed in dilution conditions (Fig. S4) confirming the no existence of dipolar coupled spins. However, we observed 
weak transition bands at half-field at very high concentrations (10-2 M and 5x10-3 M, see Fig. S4) which come from 
intermolecular interactions.7i   
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. EPR spectrum of diradical 2 in dichloromethane/toluene at 120 K.   
Cyclic voltammetry (CV) of diradical 2 was carried out in CH3CN with 0.02 M of tetrabutylammonium hexafluorophosphate as 
electrolyte and using Pts as working electrode. The cyclic voltammogram showed one reversible redox wave at E1/2 = 0.23 V (Fig. 
3) with a difference between the anodic and cathodic peaks of ∆E = 110 mV. This electrochemically quasi-reversible process 
corresponds to two-electron oxidation process of the two nitronyl nitroxide moieties. This result suggests the presence of a very 
weak or negligible electronic interaction between the radical units, since in the case of a strong or moderate electronic 
interaction between the two units, two electrochemical waves would be anticipated. 
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 Fig. 3. Cyclic voltammogram of diradical 2 in CH3CN with 0.02 M of n-Bu4NPF6 at 100 mV/s.   
Diradical 2 anchored on AuNPs 
To go a step forward we studied the possibility of preserving the same behaviour observed in solution in surface-anchored 
radicals. Chechik et al. reported that the two branches of a disulfide molecule do not adsorb adjacent to each other on the Au 
surface.19 However, to observe spin exchange interactions they should be in close proximity. Thus, high density of radicals on the 
nanoparticle surface is required. In a previous work we published the best conditions to obtain Au nanoparticles with a very high 
coverage of TEMPO radicals, using one-pot reaction and at room temperature.36 In that method, we first synthesized Au 
nanoparticles through the chemical reduction of HAuCl4 with NaBH4 in the presence of tri-n-octylamine as stabilizer and then, in 
the same batch, we performed the ligand exchange reaction with large excess of a disulfide functionalized with two TEMPO 
radicals. Finally, the reaction was let stirring overnight at room temperature. The solution EPR spectrum of the resulting purified 
nanoparticles showed an intense single broad line expected for high amount of interacting radicals, indicating that the coverage 
was very high. We repeated the same conditions of the synthesis with the analogous disulfide functionalized with the nitronyl 
nitroxide (2). However, the obtained AuNPs (3, Scheme S1) presented low coverage of a mixture of radicals. In fact, the solution 
EPR spectrum (Fig. S5) did not show any single broad line but only narrow lines. The number of lines indicated the presence of 
two different radicals: the nitronyl nitroxide and the imino nitroxide,44 being the latter the most abundant one (Fig. S5).   
In order to eliminate or reduce to the minimum amount the formation of imino nitroxide increasing the coverage of nitronyl 
nitroxide radicals, we decided to remove the NaBH4 from the media before performing the ligand exchange reaction. Thus, once 
AuNPs were stabilized with tri-n-octylamine, two extractions with MeOH were used to eliminate NaBH4 (Scheme 2), obtaining 
good results.  
 
Scheme 2. Formation of AuNPs stabilized with tri-n-octylamine. 
To the toluene solution containing the stabilized “clean” nanoparticles we added the solution of diradical 2 in dichloromethane 
and then stirred the mixture overnight at room temperature as in the above mentioned reference reaction. However, the 
corresponding solution EPR spectrum of the purified nanoparticles (4) showed little intense five lines with no contribution of any 
broad line (Fig. 4), corresponding to low spin label coverage with no appreciable interactions between the radicals adsorbed on 
the same nanoparticle. For this reason, we proceeded to optimize the ligand exchange reaction playing with different factors 
such as the temperature, reaction time, atmosphere and agitation of the solution. The coverage was increased (AuNPs 5 and 6, 
Figure 4) until obtaining the final goal (AuNPs 7, Figure 4). For reaction conditions and characterization of AuNPs 5 and 6 see 
Schemes S2 and S3 and Figs. 6-8 in the ESI.  
The best conditions (AuNPs 7) were obtained performing the ligand exchange reaction heating the AuNPs stabilized by tri-n-
octylamine with the excess of diradical 2 at 40ºC for 4 h and 30 min, under argon atmosphere and uniformly stirring the solution 
using paddles (Scheme 3). The obtained NPs were characterized by EPR, UV-Vis and IR spectroscopies, TEM microscopy, Cyclic 
Voltammetry, Energy Dispersive X-ray analysis (EDX), and Thermogravimetric Analysis (TGA).  
In this case, we obtained the desired goal as the nanoparticles exhibited an intense single broad line overlapping the EPR 
spectrum lines (Fig. 4) indicating high coverage of nitronyl nitroxide radicals and high interactions between the radicals adsorbed 
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on the same particle. In addition, it is worth saying that the reaction was reproducible as we always obtained similar shape of the 
EPR spectra. 
 
Fig. 4. EPR of AuNPs 4-7 with increasing coverage of nitronyl nitroxide radical at 300 K in CH2Cl2. 
The UV-Vis spectrum (Scheme 3, Fig. b) showed a weak plasmon peak (shoulder at around 530 nm) indicating the formation of 
quite small nanoparticles.45,46 The shape and position of this band was in agreement with previously reported particles of ca. 2-
nm diameter synthesized by the two-phase method.47,48 In fact, we obtained homogeneous and quite well dispersed gold 
nanoparticles with a diameter of 2.06 ± 0.27 nm, (HR-TEM pictures of Scheme 3). The Thermogravimetric Analysis (TGA) of these 
NPs showed that 83.42 % of the total mass of nanoparticles was organic coating (Fig. S9). From these data and TEM analysis we 
could estimate the maximum number of radicals per nanoparticle possible and the packing density (see the ESI). These values 
are very high, however, it is important to note that, by one hand, indicate much more radicals anchored on the AuNPs surface 
than in AuNPs 6 (see ESI), and hence more coverage, which is in agreement with the experimental EPR spectra shape obtained. 
And, on the other hand, are in accord with previously reported values for densely coated NP with TEMPO radicals.36 This result, 
thus, supports the ones extracted by EPR. In fact, the shape of the EPR spectra is very sensitive to the radical-radical interactions 
and these are directly related to the packing density. Therefore, a qualitative but unequivocally way to distinguish the packing 
density is to use the EPR spectroscopy,35,36 a powerful tool to study spin labeled Au NPs.49 EDX spectrum confirmed the presence 
of S-ligands and the presence of nitrogen atoms in the NPs 7 (see Fig. S10) and the IR spectrum is shown in Fig. S11. 
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 Scheme 3. Up) Ligand exchange reaction to obtain AuNPs 7. Down) Characterization of nanoparticles AuNPs 7: (a) Solution EPR spectrum. (b) UV-Vis spectrum. (c) and (d) HR-TEM 
pictures. (e) Core size distribution histograms (average 2.06 ± 0.27 nm). 
These nanoparticles were studied by variable-temperature EPR. EPR spectra of a dichloromethane solution of AuNPs 7 were 
recorded from 300 K to 220 K (Fig. 5). As we had high coverage of radicals they were very close to each other, leading to dipolar 
and spin exchange interactions between adjacent radicals adsorbed on the same nanoparticle. For this reason, the spectrum at 
300 K showed an intense single broad line. This broad line was overlapping a nine-line spectrum with alternate lines, like 
diradical 2 in solution. This spectrum contribution comes from the strong spin exchange interaction |J|>>|a(2N)| between, mainly, 
pairs of two close nitronyl nitroxides radical units anchored on the AuNP surface. As the temperature decreases, the alternate 
(2nd, 4th, 6th and 8th) lines broaden and disappear like in solution. At 220 K the spectrum shows only five narrow lines, with some 
contribution of the single broad line, because although at this temperature the spectrum is less affected by spin exchange 
interactions it is sensitive to dipole-dipole interactions. Dipole-dipole interactions are dependent on radical-radical distances and 
produce a broadening of the EPR lines. Upon heating back to room temperature, the original spectrum was restored. Considering 
the above, we can say that the behaviour observed in the surface-confined radicals is similar to the intramolecular spin exchange 
dynamic behaviour of diradical 2 in solution. Thus, we can affirm that it is possible to preserve the same dynamic behaviour 
observed in solution in surface-anchored radicals.   
 
Fig. 5. EPR temperature study of AuNPs 7 in dichloromethane from 300 to 220 K.  
It’s interesting to note that the EPR spectra have narrow and quite symmetric lines, characteristic of the so-called ‘‘fast rotation’’ 
regime of the nitroxide label.35 This could be explained because the chain connecting the nitronyl nitroxide to the surface is 
slightly longer than the surrounding ligand and hence the motion of the spin label is least hindered. In fact, in gold nanoparticles 
highly covered with TEMPO radicals36 with similar length between the chains connecting the radicals to the surface and the 
surrounding ligand there was almost no spectral resolution. The motion of a surface-attached functional group crucially depends 
on the nature of the linker and the packing of a surrounding monolayer. 
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The EPR spectrum of AuNPs 7 in frozen conditions showed only one single broad line (∆Hpp = 20.3 G, Fig. 6) instead of the typical 
EPR spectrum pattern of a frozen phenyl nitronyl nitroxide monoradical,43 demonstrating that dipolar interactions are detected 
between the radicals attached on the nanoparticles surface, averaged over a large distribution of distances. Under these 
conditions, an |∆ms| = 2 transition at half-field was detected (inset of Fig. 6), confirming the dipolar interactions. This forbidden 
transition gives direct evidence for the presence of a high-spin state in this system and, on the other hand, permits to study the 
nature of the magnetic coupling between spins. It is worth mentioning that diradical 2 did not show |∆ms| = 2 transition at half-
field in frozen solution (only at very high concentrations). This means that the distance between nitronyl nitroxides anchored on 
the NP is closer than in the diradical, which is in agreement with the high coverage (or packing density) of the AuNPs previously 
estimated. 
 
Fig. 6. EPR spectrum of AuNPs 7 in dichloromethane, recorded at 140 K. Inset shows the |∆ms| = 2 transition at half-field.  
The usual way to study magnetic interactions in a paramagnetic compound is to undertake a SQUID magnetometry study. 
Unfortunately, to perform an experiment by SQUID high amount of sample is needed especially in samples with low spin density 
as in the case of organic radicals. However, we can make a semi-quantitative assessment of the magnetic interactions that take 
place in the nanoparticle by EPR technique. The intensity (double integral) of the |∆ms| = 2 half-field transition EPR signal is 
proportional to the imaginary part of the magnetic susceptibility.50 Therefore, the plot of I·T vs. T (where I is the spectrum 
intensity of the |∆ms| = 2 transition) shows the same shape of the curve as in the usual representation of χ·T vs. T as measured by 
SQUID.9e,10,51 According to the shape of the curve obtained, we can assess the type of predominant magnetic interactions in the 
sample.  
The intensity of the |∆ms| = 2 transition signal (I) was measured in the 4-80 K temperature region and the corresponding I·T vs. T 
for nanoparticles 7 is shown in Fig. 7. We can observe that there is a monotonical decrease of the I·T value as the temperature 
decreases, indicating predominant antiferromagnetic interactions among the spin carriers of the nanoparticles. 
 
Fig. 7. Dependence of the intensity of AuNP 7 half-field transition band |∆ms| = 2 with temperature.  
The electrochemical properties of gold nanoparticles AuNPs 7 were studied by Cyclic Voltametry (CV). The CV was carried out in 
CH3CN with 0.02 M of tetrabutylammonium hexafluorophosphate as electrolyte and using Pts as working electrode. The cyclic 
voltammogram (Fig. 8a) showed one reversible redox wave with an anodic peak at 0.30 V and a cathodic peak at 0.28 V, at 100 
mV/s, attributable to nitronyl nitroxides on nanoparticles surface. The voltage difference between the anodic and cathodic peaks 
(∆E = 20 mV) is 90 mV smaller than the value obtained for disulfide 2 in solution (∆E = 110 mV). This is an additional indication 
that the electroactive molecules are adsorbed on the gold nanoparticles surface and indicates that the diffusion process seems 
to be very fast. Although we observed a very small value of ΔE, it would be expected no splitting between the oxidation and 
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reduction peaks for an ideal situation.52 Such peak splitting could be explained by the interaction between nitronyl nitroxides 
moieties. We also observed that increasing the scan rate resulted in an increase in the intensity of the peaks (Fig. 8b), which is 
characteristic for surface-confined electroactive species. The stability of these nanoparticles was elucidated by the reversibility of 
the process and the fact that after applying several redox cycles the response was unilateral. 
 
 
Fig. 8. a) Cyclic voltammograms of AuNPs 7 in CH3CN with 0.02 M of n-Bu4NPF6 at different scan rates 10, 20, 60, 100 mV/s. b) Plot of the current intensity vs scan rate.  
Diradical 2 anchored on flat Au(111) surfaces 
Once studied the behaviour of diradical 2 anchored on Au NPs dissolved in solution, we studied the properties of the same 
diradical anchored on a gold planar surface in the solid state. Disulfide 2 chemisorbed on a Au(111) substrate by preparing self-
assembled monolayers (SAMs).53 For this purpose the approach used was the direct anchoring of the disulfide functionalized 
with nitronyl nitroxide radicals on the gold surface. The preparation of the SAMs was achieved by immersing a freshly clean gold 
substrate in a 1nM THF solution of diradical 2 under argon atmosphere for 3 h at 40 ºC and then during 10 h at room 
temperature. After this time the monolayer was vigorously rinsed with abundant THF, to ensure that there was no physisorbed 
material on the substrate and dried under a N2 stream (Scheme 4). The SAMs were characterized by contact angle, X-Ray 
Photoelectron Spectroscopy (XPS), and time-of-flight secondary ion mass spectroscopy (ToF-SIMS). The electrochemical and 
magnetic properties of these SAMs were investigated by Cyclic Voltammetry (CV) and EPR, respectively.  
 
 
 
 
 
Scheme 4. Scheme of the SAM of nitronyl nitroxide derivative 2 on Au(111). 
Contact angle value was 78.6 ± 2 º, showing the high hydrophobicity of the layer. The XPS spectrum of the SAM showed two 
doublets assigned to S2p (Fig. S12 of the ESI). One at 162.3 and 163.5 eV, assigned to S2p3/2 and S2p1/2 respectively, with an 
intensity ratio of 1.9 : 1 (very close to the expected value of 2 : 1) and a splitting of 1.2 eV54 attributed to the S–Au bond and the 
other at a 161.3 and 162.5 eV, assigned to S2p3/2 and S2p1/2 respectively, with the same intensity ratio and splitting than the first 
one. It could be attributed to a disulfide group -S-S-Au, to the different state of S bond on the Au(111) caused by the organization 
constraints in the SAM55,56 or to atomic sulfur generated by S–C bond scission during irradiation.57 Additionally, Time-of-Flight 
Secondary Ion Mass Spectrometry (ToF-SIMS) was  performed (Figs. S13 and S14 of the ESI). We observed the peak 
corresponding to the molecular ion peak (M+) for SC12H21N2O2 at 336.4 m/z and a peak corresponding to a S-SC12H21N2O2 (S-M
+) 
at 368.4 m/z, verifying the adsorption and integrity of the molecules.  
Cyclic Voltammetry of AuNPs 7 was carried out in CH3CN with 0.02 M of tetrabutylammonium hexafluorophosphate as 
electrolyte and using the functionalized gold substrate (SAM) as working electrode. The cyclic voltammogram showed one 
reversible redox wave with an anodic peak at 0.24 V and a cathodic peak at 0.22 V, at 100 mV/s, attributable to nitronyl 
nitroxides on surface (Fig. 9a). The ∆E between peaks (∆E = 20 mV) is as small as in AuNP 7, also confirming that radicals are 
anchored on the Au(111) surface and indicates that the diffusion process seems to be very fast. This splitting could be explained 
by the interaction between nitronyl nitroxides moieties, as previously explained for AuNPs 7. We also observed that increasing 
the scan rate resulted in an increase in the intensity of the peaks (Fig. 9b), which is characteristic for surface-confined 
electroactive species. By performing many consecutive voltage cycles, completely identical redox waves without showing any 
sign of loss of current intensity were observed, indicating that the two redox states are stable. 
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 Fig. 9. a) Cyclic voltammograms of the SAM in CH3CN with 0.02 M n-Bu4NPF6 at different scan rates (50, 100 and 150 mV/s). b) Plot of the current intensity vs scan rate.  
The EPR spectrum further confirmed that the radical character was preserved since a signal at g-value and linewidth of 2.0078 
and 9.4 G respectively was observed (Fig. 10b). We observed a single broad line due to large electron dipole-dipole and spin 
exchange interactions between neighbouring surface-anchored radicals, which is expected for a densely packed 2D array of 
nitronyl nitroxide radicals, revealing thus high coverage. However, Gatteschi et al. anchored a series of α-nitronyl nitroxyls 
derivatives with a methylthio surface anchoring group to gold surface and observed EPR signals with hyperfine structure coming 
from the coupling of the unpaired electron with the two equivalent 14N nuclei (i.e. five lines).22,26 The quasi-isotropic motion of 
the radicals indicated quite a large mobility of the radicals grafted to the surface and hence low packing density of the radicals. 
We only barely detect some of the EPR lines (marked with asterisks in the spectrum, Fig. 10b) presumably because of the much 
higher packing density achieved in this case. If we compare this signal with the one obtained for gold nanoparticles 7 of the best 
coverage batch in solution at 300 K (g = 2.0060 and ∆HPP = 10.1 G, Fig. 10a) we can observe that the two spectra have very 
similar narrow linewidth of the single line. The linewidth of exchange-narrowed EPR spectra is sensitive to the distance between 
adjacent labels, e.g., their packing density.35 At high coverage and tight packing of spin labels the line becomes narrower.58 The 
linewidth observed in the EPR of gold nanoparticles is slightly higher than in the SAM on Au(111) which indicates slightly lower 
packing density in the AuNPs, probably mostly due to the curvature of the 3D gold NP. However, this difference in linewidth is 
very small indicating that both systems show high and very similar coverage.   
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Fig. 10. a) EPR spectrum of AuNPs 7 of the best coverage batch at 300 K in dichloromethane. b) EPR spectrum of the SAM on Au(111) in the solid state. 
Summary and Conclusions 
A novel diradical nitronyl nitroxide-substituted disulfide has been synthesized and characterized. In solution, this diradical shows 
a strong spin exchange interaction between both radicals which is modulated by the temperature. We have also shown that it is 
possible to obtain gold nanoparticles functionalized with a high coverage of nitronyl nitroxide radical showing also such 
phenomenon, preserving the same behaviour observed in solution. This result has significant importance for developing 
functional hybrid surfaces and opens the possibility to be used as a new class of spin markers, for studying the dynamics of 
biological systems, for MRI applications or, as new materials for nanoparticles based spintronics.18 The |∆ms| = 2 transition at 
half-field signal that present these nanoparticles has permitted us to study by EPR the nature of the magnetic coupling between 
the spins, being antiferromagnetic.  
 The same disulfide was also used to functionalize flat gold surface as a SAM and EPR and CV studies showed analogies between 
these two different kinds of multifunctional surfaces. 
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